ABSTRACT Recent advances in fluorescence localization microscopy have made it possible to image chemically fixed and living cells at 20 nm lateral resolution. We apply this methodology to simultaneously record receptor organization and dynamics on the ventral surface of live RBL-2H3 mast cells undergoing antigen-mediated signaling. Cross-linking of IgE bound to FcεRI by multivalent antigen initiates mast cell activation, which leads to inflammatory responses physiologically. We quantify receptor organization and dynamics as cells are stimulated at room temperature (22 C). Within 2 min of antigen addition, receptor diffusion coefficients decrease by an order of magnitude, and single-particle trajectories are confined. Within 5 min of antigen addition, receptors organize into clusters containing~100 receptors with average radii of~70 nm. By comparing simultaneous measurements of clustering and mobility, we determine that there are two distinct stages of receptor clustering. In the first stage, which precedes stimulated Ca 2þ mobilization, receptors slow dramatically but are not tightly clustered. In the second stage, receptors are tightly packed and confined. We find that stimulation-dependent changes in both receptor clustering and mobility can be reversed by displacing multivalent antigen with monovalent ligands, and that these changes can be modulated through enrichment or reduction in cellular cholesterol levels.
INTRODUCTION
Mast cell activation results in secretion of chemical mediators of inflammation from intracellular granules as part of the adaptive immune response, which is responsible for the symptoms of allergy. The first steps of this process occur at the plasma membrane, where antigen-specific immunoglobulin E (IgE) bound to its receptor, FcεRI, is cross-linked by soluble multivalent antigen (1, 2) . Cross-linking of IgEFcεRI complexes causes signal initiation by Lyn kinase phosphorylation of immunoreceptor tyrosine-based activation motifs on FcεRI b and g 2 subunits. The resulting tyrosine phosphorylation leads to Ca 2þ mobilization and cellular degranulation (3) . Oligomerization has readily observable effects on the spatial distribution and diffusion behavior of IgE-FcεRI. Receptors are uniformly distributed and mobile on the membrane before activation. Stimulation with antigen causes clustering of IgE-FcεRI into punctate aggregates on the cell surface and a marked decrease in receptor mobility (4, 5) .
Cross-linked IgE-FcεRI puncta can be visualized with conventional fluorescence microscopy. However, quantitative measurements of receptor cluster formation require subdiffraction-limited spatial resolution, comparable to the dimensions of clusters. Previous work has used a variety of experimental approaches to characterize the dynamic, antigen-induced, nanoscale reorganization of FcεRI to understand this initiation step in signaling. Receptor distributions at high spatial resolution have been studied with electron microscopy using immunogold labeling of IgEFcεRI (6) (7) (8) . In addition, dynamics of IgE-FcεRI during the time course of activation have been captured by fluorescence photobleaching recovery (FPR) (5,9,10) and fluorescence correlation spectroscopy (FCS) (11) . Single-particle tracking (SPT) of individual receptors labeled with fluorescent-dye-or quantum-dot-conjugated IgE has characterized the motion of single proteins (12) (13) (14) . To date, these approaches have either achieved high-resolution spatial measurements in chemically fixed systems or have measured receptor mobility in live cells using nonimaging methods or imaging without nanoscale spatial resolution.
Advances in fluorescence microscopy now enable subdiffraction imaging using photoconvertible fluorescent dyes. Superresolution techniques, including (direct) stochastic optical reconstruction microscopy (STORM/dSTORM) (15, 16) and (fluorescence) photoactivation localization microscopy (PALM/FPALM) (17, 18) , have been used in fixed cells to quantify membrane protein distributions and clustering in other systems (19) (20) (21) (22) (23) (24) . Superresolution techniques in live cells capture high-resolution maps of protein distributions (25, 26) in addition to diffusion information from single-molecule trajectories (27) (28) (29) . Further, the use of localization microscopy for single-particle tracking methods provides improved number statistics compared to traditional single-particle tracking because the photoconversion process allows for sampling of an ensemble of receptors over the course of a single live-cell measurement. This work applies superresolution fluorescence localization microscopy, exploiting its capabilities for both high-resolution imaging and single-molecule recording of receptor diffusion. With this technique, we monitor the kinetics of clustering and mobility changes of IgE receptors in live rat basophil leukemia (RBL)-2H3 mast cells undergoing a stimulated immune response. We do this both by quantifying average properties of receptors and by examining the behavior of single molecules. In addition, we explore how receptor mobility and diffusion are altered by perturbations, including reversal of receptor cross-linking with monovalent hapten and modulation of the cholesterol content of cell membranes.
RESULTS AND DISCUSSION

Redistribution of IgE-FcεRI upon stimulation in live cells
Through superresolution imaging of living cells, we simultaneously observe nanometer-scale receptor organization and dynamics in real time. Fig. 1 A shows a representative live RBL cell that is imaged before and after the addition of multivalent antigen at room temperature under buffer conditions that both support superresolution imaging and preserve downstream functional responses (Fig. S1 in the Supporting Material). We chose to image at room temperature rather than at 37 C because key signaling stages occur at the lower temperature, although at a slower rate. These include receptor phosphorylation, Ca 2þ mobilization, and endocytosis (11, 30) . Cells were sensitized by incubation with IgE antibodies specific for dinitrophenyl (DNP) and stimulated with the multivalent antigen DNP-bovine serum albumin (DNP-BSA). IgE-FcεRI complexes were fluorescently labeled by sensitizing with IgE directly conjugated to an Alexa Fluor 647 (AF647) and imaged as described in Materials and Methods in the Supporting Material. Live cell images are produced by following single-molecule trajectories in raw images, then reconstructing time-averaged images using only the first localized position in each trajectory. Each reconstructed image in Fig. 1 A is compiled from 2000 raw image frames acquired over 68 s of imaging time at 31 frames/s. The relatively short imaging time produces a reconstructed image that is inherently undersampled; only a fraction (estimated to be between 30% and 60%) of individual IgE proteins are represented in each image. Despite this limitation, images clearly indicate that receptors are nearly randomly organized in unstimulated cells and become more clustered in response to cross-linking by multivalent antigen.
We utilize the spatial pair correlation function as a function of radius, g(r), to quantify clustering of IgE-FcεRI complexes in reconstructed images. Pair autocorrelation functions measure the normalized probability of finding a second localized fluorophore at a given distance, r, from the average localized fluorophore. These functions are tabulated as described previously (31) and summarized in Materials and Methods in the Supporting Material. For the resulting curves, a value of 1 indicates that receptors are randomly organized. Values of >1 indicate that receptors are clustered, and the range in r over which g(r) > 1 is a measure of cluster size. The g(r) curves shown in Fig. 1 B were tabulated from images reconstructed using 500 frames of raw image data acquired over 16 s. In agreement with visual observations, autocorrelation functions generated from time-resolved images show that receptors are nearly randomly distributed before antigen addition, with g(r)~1 at all radii, and become dramatically more densely clustered after stimulation. Correlation functions measured in live cells are in good quantitative agreement with those observed in cells chemically fixed at specific (Fig. S2) . Although reconstructed images of live cells are undersampled compared to fixed-cell images, as long as undersampling is random, its effects alone will not change the correlation function beyond decreasing the signal/noise ratio (31) .
Measured autocorrelation functions are fit to a single exponential to extract information on average cluster size and density according to the equation
for r > 20 nm, where A is the amplitude of correlations, which is proportional to the increased density of receptors in clusters, and x is the correlation length, which is approximately the average cluster radius. The average number of correlated proteins (N), or the number of correlated proteins within the average cluster, is the summation of the measured g(r) over r times the average surface density of receptors, defined by the equation
where we assume that the overall average surface density of receptors (r ave ) is 200/mm 2 (31, 32) . When curves are well fit to the single-exponential form given in Eq. 1 in the limit of small Dr, this sum over values of r from zero to infinity can also be written as N ¼ r ave 4pAx 2 . In practice, we evaluate Eq. 2 for radii between 0 and 300 nm, with Dr ¼ 15 nm.
This quantitative analysis, averaged over 11 cells, and a summary of extracted fit parameters is shown in Fig. 1 C. We observe dramatic redistribution of receptors into clusters after addition of multivalent antigen with weak, long-range correlations in unstimulated cells, and strong, shorter-range correlations after antigen stimulation, consistent with previous reports in live cells (33) . In unstimulated cells, we observe correlations with very low values of A and N and large values of x. This is further illustrated by the correlation function for unstimulated cells plotted in the inset of Fig. 1 B. x extends to~200 nm in unstimulated live cells, whereas we observed x z 80 nm in chemically fixed cells (Fig. S2) . The larger x observed in live-cell images could arise from overcounting single molecules that are lost by our tracking algorithm, lateral motion of any correlated structures observed during data collection, or, possibly, the fact that live cells were imaged at room temperature whereas chemically fixed cells were incubated at 37 C. We observe time-dependent increases in A and N during the first 5 min after antigen addition. After this time, the correlation amplitude, A, remains constant, the average number of correlated proteins, N, continues to increase at a slower rate, and the correlation length, x, slowly increases ( Fig. 1  C upper, inset) . The average x decreases within 3 min of antigen addition to~70 nm, in good agreement with x in stimulated fixed cells (Fig. 1 C, diamonds) . The continuous decrease in x soon after antigen addition likely indicates the increasing presence of small and dense clusters in a background of larger more diffuse structure, as suggested by the image reconstructed from data acquired 1 min after antigen addition in Fig. 1 A, although we do not attempt to resolve two distinct components in g(r).
Our choice to quantify single-color live-cell images using autocorrelations relies on the assumption that live-cell superresolution images are not greatly affected by artifacts associated with overcounting single receptors. We expect this to be the case because individual fluorescently labeled receptors will typically diffuse over distances much larger than correlated structures with dimensions of several hundred nanometers or less during the time that a fluorescent molecule labeling an individual receptor remains in the dark state. This assumption may not be valid in stimulated cells, where receptors may become confined within densely cross-linked clusters, and the same receptor may be counted multiple times within a single cluster. If there is a contribution to correlation functions from overcounting, our reported results would lead to an overestimate of A. However, the values of A we observe from autocorrelation functions in live cells are systematically lower than values of A extracted from cross-correlation functions in fixed cells ( Fig. 1 C, black diamonds) , which are not affected by overcounting artifacts. This supports the assumption that overcounting does not affect correlation functions throughout the time course of imaging.
Our results using chemically fixed cells ( Fig. S2 ) are consistent with and complementary to our live cell measurements in several regards. Agreement of A and N between fixed and live cells at early stimulation time points indicates that clustering occurs to approximately the same extent, although at a somewhat slower rate, in cells stimulated at room temperature compared to those stimulated at 37 C. Further, results from fixed-cell experiments demonstrate that receptors are not clustered before stimulation. This result is important in the context of our live-cell experiments, because small and highly mobile clusters that diffuse much farther than their size over a typical image acquisition time would not be detected by our live-cell quantification methods.
Mobility of IgE-FcεRI in live-cell measurements
The majority of individual fluorophores remain in a fluorescent state for multiple sequential frames, and we track these probes to form trajectories from localizations of the protein in time and space (see Materials and Methods in the Supporting Material). Visual inspection of trajectories obtained from 16 s of acquired data in unstimulated and stimulated cells suggests that IgE-FcεRI diffusion is relatively unconstrained before stimulation and that mobility decreases significantly after antigen addition (Fig. 2 A) . In most cases, we find that the slopes of MSD(t) are not linear, as expected for free diffusion, but instead are deflected to lower values at long t, indicating that receptors are confined. We quantify both diffusion and confinement of IgE-FcεRI complexes as a function of stimulation time by fitting MSD(t) to obtain both short-and long-time diffusion coefficients, D S and D L , respectively, which are obtained by fitting distinct time ranges of MSD(t) curves to extract linear slopes. D S is obtained by fitting the equation:
where t 2-4 indicates the second, third, and fourth time intervals of the MSD(t) curve, typically corresponding to roughly 50-100 ms, and C S is the y-intercept of the fit that accounts for the finite localization precision of the singlemolecule data. D L is obtained by fitting the MSD curve at time intervals between 250 and 500 ms to the analogous equation, Our measured values of D S versus stimulation time are in agreement with similar diffusion-coefficient parameters measured previously using SPT (10, 12, 13, 33) , FCS (11), and FPR (5,9), ranging from 0.03 to 0.26 mm 2 /s before stimulation and from 0.01 to 0.16 mm 2 /s after stimulation with a multivalent antigen. Previous measurements of receptor diffusion using SPT approaches similar to ours (10, 12, 13, 33) agree best with our observed values, where here reported values range from 0.07 to 0.1 mm 2 /s before stimulation and from 0.01 to 0.05 mm 2 /s after stimulation. Our measurements of receptor confinement are also consistent with the observation of restricted or compartmentalized diffusion in previous SPT studies of FcεRI (10, 12, 33) . In one of these past studies, the diffusion compartments of IgE-FcεRI were reported to shift to smaller sizes upon antigen addition, accompanied by a decrease in the diffusion coefficient for movement between compartments (33). That result is consistent with the antigen-induced increase in receptor confinement measured in this study.
Correlating receptor mobility with receptor clustering
The data presented in Figs. 1 and 2 allow for direct comparison between changes in IgE-FcεRI receptor diffusion versus spatial distribution. Taken together, the results indicate that IgE-FcεRI receptor complexes have decreased that plateaus within 1-2 min after antigen addition. In contrast, the density of receptor clusters (A) increases more slowly, with the amplitude of correlations plateauing after~5 min (Fig. 1 C) .
To explore more directly the relationship between cluster properties and receptor mobility, we plot in Fig. 3 A the average short-time receptor diffusion coefficient, D S , versus the average number of correlated proteins, N, for the stimulation time course averaged from 11 live-cell experiments (average D S and N as a function of time are shown independently in Figs. 2 C and 1 C, respectively) . Interestingly, this representation suggests two distinct regimes of receptor mobility and clustering. In the first regime, D S decreases dramatically without a large corresponding change in N. In the second regime, receptors become increasingly clustered, without a large corresponding decrease in D S . The crossover between regimes occurs for N between 20 and 30 and for D S between 0.035 and 0.02 mm 2 /s, which correspond to stimulation times between 1 and 1:45 min, respectively, after antigen addition. Interestingly, the beginning of the crossover between the two regimes shown in Fig. 3 A roughly coincides with the onset of Ca 2þ signaling in RBL-2H3 cells imaged using the Ca 2þ -sensitive dye Fluo-4 under nearly identical stimulation conditions (Fig. 3, B and C) . Fluo-4 is loaded into sensitized RBL cells, and the fluorescence intensity is monitored across a field of several hundred cells as a function of stimulation time, as described in Materials and Methods (see Supporting Material). Soon after antigen addition, Fluo-4 intensity averaged over the population of cells begins to rapidly increase, with the bulk of the increase coming between 1 and 4 min (Fig. 3 B) . There is a large cell-tocell heterogeneity in the timing of the onset of the Ca 2þ response, as indicated in the cumulative distribution shown in Fig. 3 C, 
The results reported in Fig. 3 indicate that the initial, rapid decrease in D S of IgE-FcεRI complexes is a consequence of interactions that precede Ca 2þ mobilization, whereas the accumulation of receptors into densely packed clusters represents receptors after the onset of Ca 2þ mobilization. This suggests that early signaling events leading to the Ca 2þ response do not require that receptors be densely clustered or fully immobilized. This interpretation of our results is consistent with observations from previous studies that small IgE-FcεRI clusters that retain mobility can elicit a degranulation response (13) , and that there is a high level of receptor tyrosine phosphorylation within the first few minutes of antigen stimulation, both at 37 and 15 C (34). In the latter study (34) , receptor tyrosine phosphorylation at 15 C occurs on a timescale similar to that of the Ca 2þ response that we measure at room temperature, as we would expect, since tyrosine phosphorylation precedes Ca 2þ mobilization in the IgE receptor signaling cascade. The same study also demonstrated that exposure of DNP haptens on the surface of DNP-BSA is transient, and that antigen binding is dominated by cross-linking of receptors after a minute of exposure to antigen (34) . This is also consistent with the idea that the immobilization and Ca 2þ responses we observe at early stimulation times occur concurrently with the formation of small clusters, and that receptors become more heavily cross-linked at later times.
Because diffusion of cross-linked IgE-FcεRI decreases rapidly, without a corresponding large increase in N, it likely occurs as a result of IgE-FcεRI coupling to downstream signaling partners. This could be due to receptor association with other freely diffusing membrane-anchored proteins that are not labeled in these experiments. It is possible that receptor slowing is due to slower movement between corrals defined by cortical actin, either due to mechanical occlusion of the growing signaling platforms with actin-anchored proteins (36, 37) , or due to increased coupling of platforms to actin-stabilized, lipid-mediated heterogeneity (38) . Alternatively, the reduced mobility of receptors at early signaling stages could be a consequence of direct or indirect tethering to an immobilized component such as actin. The actin cytoskeleton has been shown to be partially responsible for the immobilization of cross-linked IgE-FcεRI (12) , and it plays a role in the desensitization of receptors to antigen (39) , and in internalization (40) . The increasing clustering of receptors that dominates later signaling stages could be a mechanism to downregulate signaling by sequestering receptors, as occurs in B cell and T cell receptor activation (41) (42) (43) (44) . It is also possible that the observed receptor clusters represent an early stage of receptor internalization that has not progressed substantially under these conditions of stimulation time and temperature (11) . Ca 2þ mobilization is used here as an approximate indication of the timing of the onset of cellular signaling, but consideration should be given to its direct comparison with superresolution measurements. Clustering and immobilization of IgE receptors on the ventral surface of cells could begin more slowly than Ca 2þ mobilization because the Ca 2þ response originates from receptors on the dorsal surface of cells, which are expected to be more accessible to antigen. This may lead to a time delay between the initiation of the Ca 2þ response and our observation via superresolution measurements of immobilization and clustering. If this is the case, receptors on the dorsal surface may be somewhat more clustered at the onset of the Ca 2þ response, but this would not change our conclusion that the first phase of clustering and immobilization occurs before Ca 2þ mobilization, and the second phase occurs predominantly afterward. Ca 2þ mobilization itself may be considered a downstream measure of the onset of signaling. Previous work has shown that receptor phosphorylation by Lyn kinase proceeds much more rapidly than Ca 2þ mobilization (35) , and thus, Ca 2þ mobilization represents membrane interactions that initiate a broader cellular response and occur subsequent to the initiation of signaling at the level of single receptors.
Single-molecule analysis of receptor diffusion and clustering
Early and late signaling stages are also distinguished when receptors are examined as single molecules, and several representative trajectories are shown in Fig. 4 A. Single receptor trajectories in unstimulated cells traverse large areas. Soon after antigen is added, trajectories rapidly condense, and some receptors appear to sample multiple confined areas in single trajectories, lasting~1 s each. After a few minutes of antigen stimulation, trajectories are compact and appear highly confined. The ensemble of single-molecule trajectories is quantified by assembling histograms of D S . Fig. 4 B shows histograms assembled using 16 s of data acquired in a single cell, which are representative of histograms obtained from other cells examined. Histograms are well described as single log-normal distributions for all time points, indicating that a single population of diffusers is resolved in these measurements. Distributions of D S rapidly shift to lower values and broaden soon after antigen is added, stabilizing after 3 min of stimulation time. These distributions are broad, in part because diffusion coefficients are not well defined when obtained from short trajectories (45) . To separate this effect from real heterogeneity, we compare measured distributions of D S to those obtained by simulating Brownian trajectories with 16 frame (0.5 s) track length (Fig. S4) . In unstimulated cells, the width of measured D S histograms is comparable to those of simulated trajectories. In contrast, measured histograms for receptors after antigen addition are significantly broader than the simulated distributions, indicating that the membrane environment sampled by IgE-FcεRI is heterogeneous.
We also investigated how receptor diffusion correlates with the local surface density of receptors in reconstructed images. To accomplish this, we reconstructed superresolution fluorescence images as described in Materials and Methods (see Supporting Material). Representative grayscale images for a single cell at various stimulation stages are shown in Fig. 4 C. In these images, pixel intensity is proportional to the observed receptor density, and trajectories that persist for >0.5 s are superimposed onto this image. In the unstimulated cell (Fig. 4 C, upper) , individual receptors diffuse over large areas and their mobility is not visually correlated with roughly random receptor density. Soon after antigen addition (<1 min), individual receptors appear more confined, even though the spatial distribution of receptors remains largely random (Fig. 4 C, middle) . At longer times, (>5 min after antigen addition), diffusing receptors are confined to regions where receptors are densely packed (Fig. 4 C, lower) .
These visual observations are quantified by calculating the average pixel intensity over the length of single-molecule trajectories persisting for >0.5 s. Three-dimensional histograms are displayed as contour plots in Fig. 4 D for several stimulation times. In unstimulated cells, receptor diffusion appears relatively unconstrained, and the ensemble of single molecules experiences roughly the same local environment at the frame rates used in these experiments (~30/s). This is not surprising given that receptors typically move hundreds of nanometers between observations, and over several square microns in a typical trajectory. Lipid-mediated and/or actin-generated obstacles to diffusion are expected to occur on smaller length-scales in unstimulated cells, and thus, single receptors are expected to sample a large number of local environments in a single trajectory. At long times, we observe a homogeneous but broad distribution in the D S versus receptor density histogram in Fig. 4 D. This is a result of both a distribution of receptor densities in puncta and individual receptors confined to sample the local environment of single puncta over their recorded trajectories.
Soon after stimulation with antigen, histograms are elongated, extending between faster-moving receptors in a lowdensity local environment and slower-moving receptors in a higher-density local environment. In some cases, two peaks are observed, as indicated by the orange triangles in Fig. 4 D. This elongated distribution could arise from receptors sampling a heterogeneous membrane environment. We think it is more likely that this elongated distribution arises from receptors slowly exchanging between a more mobile, less aggregated state and a less mobile, cluster-associated state over the length of the trajectory, as appears to be the case from visual inspection of single trajectories (Fig. 4 A) .
Elongated distributions in Fig. 4 D are observed before the onset of Ca 2þ mobilization, and transient associations of individual receptors could represent interactions that result in signaling. This also suggests that receptor aggregation is dynamic, at least in the early signaling stages. Consistent with this interpretation, it has been shown previously that readily dissociable cross-linked receptors are primarily responsible for generating downstream signaling responses (39) . Previous work has also shown that initial binding of DNP-BSA to IgE is primarily monovalent, and that cross-linking occurs slowly as DNP haptens on the receptor-bound antigen subsequently become available for binding (34) . This is in good agreement with our current observations that suggest transient association of receptors with receptor clusters soon after antigen addition.
Receptor clustering, immobilization, and confinement is reversible in live cells
A monovalent DNP hapten, DNP-aminocaproyl-L-tyrosine (DCT), competes with multivalent DNP-BSA for binding to anti-DNP IgE (39) . The addition of an excess of DCT after antigen stimulation reverses antigen-induced cross-linking and results in the cessation of signaling (39, 46, 47) . The representative live-cell superresolution images in Fig. 5 A show uniform distribution of AF647-IgE bound to FcεRI before antigen addition, clustered IgE-FcεRI distribution after 7 min of antigen stimulation, and uniform distribution of receptors after DCT incubation for 10 min. The average time dependence of A, N, and D S from six live-cell experiments quantifies the reversal of clustering and immobilization upon DCT exposure (Fig. 5 B) . IgE-FcεRI clusters are dispersed on a timescale of several minutes, as shown by a decrease in A. Likewise, N and D S recover close to prestimulation levels within 10 min of DCT addition. These data indicate that receptor immobilization is reversible and dependent on receptor cross-linking, as has been shown previously by FPR measurements that used DCT to reverse receptor immobilization (5) . This reversibility demonstrates Biophysical Journal 105(10) 2343-2354 that the densely packed and immobile receptor clusters formed within 7 min of antigen addition are not stabilized solely through interactions with other cellular components or that these interactions are insufficient to stabilize clusters in the absence of antigen cross-linking.
Receptor organization and mobility in response to cholesterol perturbation in unstimulated cells
To examine the role of lipid-mediated membrane heterogeneity on early and later stages of antigen stimulation, we investigated the impact of membrane cholesterol levels on receptor organization and mobility. Receptor diffusion (D S ) and clustering (N) upon cross-linking with antigen are measured for multiple live cells exposed to either methyl-b-cyclodextrin (MbCD) to reduce plasma membrane cholesterol or MbCD precomplexed with cholesterol (MbCD þ chol) to enrich plasma membrane cholesterol (Figs. 6 and S5) . Under our conditions, we expect añ 20% decrease in the total cellular cholesterol content after 5 min of MbCD addition and an~50% decrease after 15 min (48) .
In the absence of cross-linking by antigen, local receptor density changes due to variations in membrane cholesterol concentration. Fig. S5 shows representative superresolution images of AF647-IgE/FcεRI with and without antigen treatment for individual cells with MbCD or MbCD þ chol. IgE-FcεRI continues to show largely random distribution in unstimulated cells with reduced cholesterol levels, but becomes tightly clustered in unstimulated cells with elevated cholesterol levels. This visual observation is quantified in Fig. S6 , where D S , A, and N are plotted as a function of time and treatment with MbCD or MbCD þ chol.
It is likely that other cellular processes contribute to the organization and mobility of receptors in cholesterol-loaded cells. For example, we observe robust antigen-independent activation of transient Ca 2þ oscillations after cells are incubated with MbCD þ chol for 2 min, and this persists until 5 min after MbCD þ chol is added (Figs. S7 and 6, B and C). This indicates that the cellular environment changes dramatically in response to MbCD þ chol in ways that may not be directly related to cholesterol's effects on lipid-mediated membrane organization. Modulating cellular cholesterol levels also leads to changes in receptor diffusion in unstimulated cells. MbCD addition to unstimulated cells results in a time-dependent decline in D S over 15 min, and incubation with MbCD þ chol leads to slight increases in D S (Fig. S6) , despite the large increases in receptor clustering described above. These observations could be the result of changes in membrane surface area, changes in the surface density of immobile obstacles, or induction of solid-phase domains (49) .
Receptor organization and mobility in response to cholesterol perturbation in stimulated cells
Perturbations of membrane cholesterol also affect the organization and mobility of IgE-FcεRI complexes when receptors are subsequently cross-linked with multivalent antigen (Fig. 6 A) . For both cholesterol reduction and enrichment, receptor clustering increases and receptor diffusion decreases in response to antigen, qualitatively similar to trends in the absence of perturbation (Figs. 3 A  and 6 A) . We observe two distinct regimes in plots of D S versus N for points after antigen addition in cells pretreated with MbCD, as is also observed in cells in the absence of cholesterol modulation. The crossover between these two regimes occurs at larger values of N in cells with reduced cholesterol levels (N < 40 for untreated versus N > 60 for MbCD-treated cells (Fig. 6 A, upper) ), which also corresponds to longer stimulation times at the crossover point (~1 min for untreated vs.~3 min for MbCD-treated cells). For cells pretreated with MbCD þ chol (Fig. 6 A, lower) , only one regime is apparent in plots of D S versus N, and the N is larger before antigen addition.
Antigen-induced functional responses are also affected in cells pretreated with MbCD or MbCD þ chol. Antigeninduced signaling is less effective in cells with reduced cholesterol levels when stimulated degranulation is assessed (50) (51) (52) (53) (Fig. S8) . When Ca 2þ mobilization is again used as a rough measure of the onset of cellular signaling, as in Fig. 3 , pretreatment of cells with MbCD results in a Ca 2þ response that is both reduced in magnitude (Fig. 6 B) and delayed (Fig. 6 C) Fig. 6 C. Antigen-induced signaling is attenuated in cells pretreated with MbCD þ chol when they are assayed by degranulation (Fig. S8) or by measurement of Ca 2þ mobilization (Fig. 6 ).
For the case of cholesterol enrichment, we observe an initial Ca 2þ response after MbCD þ chol is added, as described above, followed by a second, weaker Ca 2þ signal in response to antigen (Fig. 6 B) . A large fraction (~60%) of MbCD þ chol-treated cells also fail to exhibit an antigen-induced Ca 2þ response (Fig. 6 C) , although cells that do respond do so with a minimal time lag after antigen addition. As a result, t 1/2 is shorter compared to either untreated or MbCD-treated cells (Fig. 6 D) . These differences in the nature of the antigen-dependent Ca 2þ response may be influenced by the MbCD þ chol-induced Ca 2þ transient observed before antigen addition. The shape, frequency, and duration of Ca 2þ oscillations are also severely affected by changes in cellular cholesterol (Fig. S7) . t 1/2 is correlated with the timing of the crossover observed in plots of D S versus N for the three cholesterol treatments (Fig. 6 D) . Despite the uncertainty in relating the timing of Ca 2þ mobilization to superresolution measurements discussed above, we observe differences in the relative timing of the crossover and t 1/2 that are both dependent on cholesterol perturbation. This observation supports our conclusion that the initial, rapid decrease in the diffusion coefficient of IgE-FcεRI receptors is a consequence of interactions that precede Ca 2þ mobilization, whereas the accumulation of receptors into densely packed clusters represents receptors after the onset of signaling. For the case of cholesterol reduction, antigen-induced slowing of receptor diffusion occurs at a slower rate than in untreated or cholesterol-enriched cells (Fig. 6 A) , suggesting that initial signaling steps occur over a longer time period. This is consistent with our observations of a slower Ca Previous work has demonstrated the importance of membrane-lipid-mediated protein targeting for transmembrane signaling in the FcεRI cascade (54, 55) . Cholesterol reduction inhibits stimulated receptor phosphorylation by Lyn, and productive signaling only occurs upon the redistribution of receptors, kinases, and phosphatases via changes in the local lipid environment surrounding cross-linked receptors (53, 56, 57) . In our previous SEM work we found that cholesterol reduction before antigen addition led to smaller IgE-FcεRI-rich clusters and reduced Lyn partitioning into receptor-rich clusters when cells were chemically fixed 1 min after antigen addition at 37 C. Although it is not possible to compare absolute numbers between these experiments due to the different labeling strategies employed, our current findings are consistent with these previous results. Specifically, we find that it takes longer for receptors to assemble into tight clusters when cells are pretreated with MbCD, so at a given time point after stimulation, we would expect receptor-rich clusters to be smaller in MbCD-pretreated cells compared to untreated cells. Our observations of a delay in Ca 2þ responses in MbCD-pretreated cells relative to untreated cells are consistent with our past observations of defects in Lyn recruitment under these conditions. These findings are consistent with an inhibitory role for cholesterol reduction in signaling that has been supported by previous observations (50, 52, 53 ). An alternative explanation for the changes in diffusion versus clustering behavior and Ca 2þ responses observed in MbCD-and MbCD þ chol-treated cells are related to more global effects of cholesterol modulation, such as its perturbation of the actin cytoskeleton. Cholesterol reduction can disrupt cytoskeleton-membrane attachment through perturbation of plasma membrane PIP 2 (58) , or because actin is frequently coupled to the plasma membrane via more ordered regions (59) . Therefore, the changes in receptor clustering, receptor mobility, and Ca 2þ responses caused by MbCD, and by extension MbCD þ chol, may be indirect results of membrane cholesterol modulation via its effects on the actin cytoskeleton.
CONCLUSION
In conclusion, we demonstrate that superresolution fluorescence localization imaging is a powerful method for quantifying the organization and mobility of immune receptors in cells undergoing stimulated responses. Simultaneous measurements of clustering and diffusion enable the resolution of two distinct temporal phases of receptor clustering and immobilization. At early times after stimulation, receptor-rich clusters increase marginally in size and receptors slow dramatically when averaged over the population of receptors. When examined as individual molecules, either as monomers or as members of clusters, single receptors appear to reversibly associate with small and slowly moving receptor clusters soon after the addition of antigen. These behaviors are observed at stimulation times preceding Ca 2þ mobilization, leading us to conclude that they arise from interactions associated with initial signaling steps. At later times, receptors in clusters become increasingly dense and are largely immobile. Since these behaviors occur at times after the initial Ca 2þ response, we hypothesize that receptor immobilization into densely packed clusters leads to subsequent cellular interactions related to downregulation of signaling. Before these terminating steps, dense receptor clusters are dispersed when the cross-linking antigen is displaced by a monovalent ligand. Receptor clustering and dynamics are also altered in cells with modulated cholesterol levels. Most notably, receptors cluster in cells with increased cholesterol levels even in the absence of antigen, and we observe changes in the duration of the initial phase of receptor clustering and immobilization in stimulated cells with modulated cholesterol levels. The onset of Ca 2þ mobilization requires association of activated receptors with multiple proteins, and this signaling complex formation appears to occur before or during the crossover between the two regimes defined by our analysis. We observe differences in the timing of Ca 2þ mobilization for cells with modulated cholesterol levels that correspond to changes in the timing of the initial phase of clustering. These findings are motivators for future work investigating the physical interactions that give rise to the observed changes in receptor organization and mobility, and how these translate into cellular functions.
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